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(54) Optical waveguide modulator with traveling-wave type electrodes 



(57) An optical modulator including a substrate (11 ) 
made of lithium niobate having an elect rooptical effect, 
first and second optical waveguides (12) formed in the 
substrate by effecting a thermal diffusion of titanium into 
a surface of the substrate, a buffer layer (13) formed on 
the surface of the substrate, a hot electrode (15) provid- 
ed on the buffer layer and having a width W e not larger 
than a width W f of the optical waveguide, first and sec- 
ond ground electrodes (16) provided on the buffer layer 
such that these ground electrodes are symmetrical with 



respect to the hot electrode, and an electric field adjust- 
ing region (14) having a width not smaller than that of 
the hot electrode is provided between the buffer layer 
and the hot electrode. First and second ground side 
electric field adjusting main- and subregions (32,37) 
may be provided between the buffer layer (13) and the 
first and second ground electrodes (31), respectively. 
An interaction between an electric field generated by ap- 
plied microwave and lightwave propagating along the 
optical waveguides can be enhanced, and thus a driving 
voltage can be decreased. 
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Description 

Background of the Invention 

Field of the Invention 

The present invention relates to a waveguide type 
optical modulator for use in an optical fiber communica- 
tion system of high capacity and high speed, and more 
particularly relates to a waveguide type optical modula- 
tor which has desired characteristic impedance and ef- 
fective refractive index for a microwave and can operate 
at a high speed with a low driving voltage. 

Related Art Statement 

In a recent high capacity and high speed optical fib- 
er communication system, an external modulator has 
been utilized instead of a direct modulator in which a 
laser diode is directly modulated. In the external modu- 
lator, there has been proposed a waveguide type optical 
modulator, in which a waveguide is formed in a substrate 
made of a material having an elect rooptical effect such 
as lithium niobate LiNb0 3 , hereinbelow it is called LN 
for the sake of simplicity. In one of known waveguide 
type external optical modulators, traveling-wave type 
electrodes are provided on a surface of the substrate 
along the optical waveguide. 

In the waveguide type optical modulator having the 
traveling-wave type electrode, it is necessary to sup- 
press undesired reflection of an electric signal as far as 
possible. To this end, a characteristic impedance of the 
optical modulator should be matched with that of a driver 
for operating the modulator. Usually, the characteristic 
impedance of the driver is 50 Q, and thus the charac- 
teristic impedance of the optical modulator has to be set 
to 50 £1 Moreover, in order to broaden a modulation 
bandwidth, a traveling velocity of a microwave across 
the hot electrode should be made identical with a veloc- 
ity of lightwave propagating along the optical waveguide 
as far as possible. That is to say, a velocity matching is 
important. However, since LN has a very large dielectric 
constant, a velocity of the microwave traveling across 
the hot electrode is lower than that of the lightwave, and 
thus the velocity matching could be hardly attained. 

There have been proposed prior art techniques for 
solving the above mentioned problems. For instance, 
Japanese Patent Publication No. 7-13711, Japanese 
Patent Application Laid-open Publication No. 2-51123 
and Japanese Patent Application Laid-open Publication 
No. 2-93423 have taught several solutions. In these pri- 
or art publications, in order to satisfy the velocity match- 
ing by decreasing an effective refractive index for the 
microwave, a thickness of the of the hot electrode is in- 
creased, a thickness of a buffer layer is increased, a re- 
cess is formed in the substrate surface between the 
electrodes, or an overhung is formed in a surface of the 
electrode. 
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Fig. 1A is a perspective view showing a known ex- 
ternal modulation type optical modulator and Fig. 1B is 
a cross sectional view cut along a line A-A in Fig. 1A. 
This known external type optical modulator is of a Mach- 
s Zehnder type intensity modulator having two optical 
waveguides. The optical modulator comprises a sub- 
strate 1 made of a material having an elect rooptical ef- 
fect. In this example, the substrate 1 is formed by a Z- 
cut plate of LN. In a surface region of the substrate 1 
there are formed two optical waveguides 2a and 2b in 
parallel with each other. As shown in Fig. 1 A, these op- 
tical waveguides 2a and 2b are combined with each oth- 
er at both ends thereof to form input and output side 
optical waveguides 2c and 2d. An input side optical fiber 
6 is optically coupled with the input side optical 
waveguide 2c and a laminated polarizer 7 is inserted 
between the input side optical fiber 6 and the input side 
optical waveguide 2c. An output side optical fiber 8 is 
optically coupled with the output side optical waveguide 
2d. The optical waveguides 2a-2d are formed by effect- 
ing a thermal diffusion of Ti into the surface of the sub- 
strate 1 . On the surface of the substrate 1 , a buffer layer 
3 is formed, and one hot electrode 4 and two ground 
electrodes 5a and 5b are provided on the buffer layer 3. 
An input side end of the hot electrode 4 is connected to 
a microwave signal source 9 and an output side end of 
the hot electrode is connected to a terminal resistor 10 
of 50 Q. 

Among electrooptical constants of the LN substrate 
1 , r 33 is the largest one and therefore this is most effec- 
tive when an electric field is applied in the Z direction of 
the substrate 1, i.e. a direction of thickness. Therefore, 
the hot electrode 4 is provided above the optical 
waveguide 2a as shown in Fig. 1 B, so that the electric 
field is effectively applied to the optical waveguide in the 
Z direction. The hot electrode 4 has a width W e which 
is substantially equal to a width W f of the optical 
waveguide 2a for enhancing an interaction between the 
lightwave propagating along the optical waveguide and 
the electric field of the microwave. 

Figs. 2 and 3 are schematic cross sectional views 
showing the interaction between the lightwave propa- 
gating along the optical waveguide 2a and the electric 
field F. In Fig. 2, a width W e of the hot electrode 4 is 
substantially equal to a width W f of the optical 
waveguide 2a, and in Fig. 3, a width W e of the hot elec- 
trode 4 is smaller than a width W ( of the optical 
waveguide 2a. In Fig. 2, the electric field F effectively 
traverses the optical waveguide 2a and there is pro- 
duced a strong interaction between the lightwave and 
the electric field F. Because an amplitude of the driving 
voltage of the microwave is determined by a degree of 
the interaction, the arrangement shown in Fig. 2 is a 
preferable configuration for lower driving voltage than 
that shown in Fig. 3. In this manner, the hot electrode 4 
should have a width W e substantially identical with that 
of the optical waveguide 2a. 

A width W f of the optical waveguide 2a is dependent 
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upon process condition of the waveguide and a wave- 
length of the lightwave propagating along the optical 
waveguide and is about 10 jim for the single mode op- 
tical waveguide of Ti diffusion type having a wavelength 
^=1.5 UJTI. 

Fig. 4 is a typical profile representing an intensity 
distribution of lightwave propagating along the optical 
waveguide 2a. In case of forming the optical waveguide 
2a by effecting a thermal diffusion of Ti into the LN sub- 
strate 1 , the intensity distribution of lightwave becomes 
a Gaussian type. From Fig. 4, it can be derived that 
whole width of the lightwave propagating along the op- 
tical waveguide 2a is reached at about 20 m, although 
an intensity of lightwave is decreased by 1/e 2 at a width 
in 10 um 

On the other hand, in the known optical modulator, 
the hot electrode 4 has a large thickness t in order to 
make the velocity of the microwave closer to that of the 
lightwave. That is to say, when the hot electrode has a 
large thickness t, an effective refractive index for the mi- 
crowave is decreased so as to attain the velocity match- 
ing. 

The effective refractive index n m for the microwave 
is affected by the large dielectric constant of the LN sub- 
strate 1 and becomes about 4.2 when the thickness t of 
the hot electrode is small. Whilst, an effective refractive 
index no for the lightwave is about 2.2. By increasing a 
thickness t of the hot electrode 4, the effective refractive 
index for the microwave is decreased toward 2.2 be- 
cause thickly formed electrode having larger surface ar- 
ea decreases the effective dielectric constant for the mi- 
crowave. 

As explained above, in the known optical modulator, 
in order to reduce the effective refractive index for the 
microwave from 4.2 to 2.2, a thickness t of the hot elec- 
trode 4 has to be made larger than a spacing S between 
the hot electrode 4 and the ground electrode 5a or a 
width W e of the hot electrode 4 has to be narrowed. 

In general, the spacing S between the hot electrode 
4 having a width W e of 1 0 u,m and the ground electrodes 
5a and 5b is about 20-30 jim. Therefore, in order to in- 
crease a thickness t of the hot electrode 4 larger than 
the electrode spacing S, the hot electrode 4 has to be 
formed by depositing Au by electroplating more than 30 
u.m. 

However, in practice, it is very difficult to form such 
a thick electrode larger than the electrode spacing S. 
Moreover, there might occur a problem of peeling off of 
the electrode due to an internal stress produced within 
the deposited Au electrode. Furthermore, it is also diffi- 
cult to manufacture the hot electrode having a desired 
cross sectional configuration reliably, and thus the char- 
acteristic impedance of the optical modulator and effec- 
tive refractive index for the microwave might fluctuate. 
Moreover, a known solution of providing the hot elec- 
trode with the overhung portion could not be easily per- 
formed due to a limitation of the fine treating, and the 
above mentioned problems might also occur. 



The effective refractive index for the microwave can 
be reduced by increasing a thickness of the buffer layer 
3. However, this might cause another problem that a 
higher driving voltage is required. Moreover, if the effec- 

s tive refractive index for the microwave is decreased by 
reducing a width W e of the hot electrode 4, a driving volt- 
age might be increased. 

In the known solution, in which the recesses are 
formed in the substrate between the hot electrode and 

10 the ground electrodes for decreasing the effective re- 
fractive index for the microwave, a manufacturing proc- 
ess becomes very complicated and requires a large ma- 
chine. Moreover, the formation of recesses might give 
damage to the substrate and buffer layer. 

'5 in the known optical modulator, the ground elec- 
trode 5a has a width sufficiently larger than that of the 
hot electrode 4, and thus lines of electric force are 
spread under the ground electrode 5a and the electric 
field density is lower than that under the hot electrode 4 

20 as illustrated in Fig. 5. Therefore, the interaction be- 
tween the electric field F and the lightwave propagating 
along the optical waveguides 2a and 2b becomes lower 
and the higher driving voltage is required. In the Mach- 
Zehnder type optical intensity modulator, the driving 

25 voltage may be decreased by operating the two optical 
waveguides 2a and 2b in a push-pull manner. However, 
if the modulation efficiency of one of the two optical 
waveguides 2a and 2b is low, the driving voltage for the 
whole optical modulator could not be reduced sufficient- 

30 ry. Moreover, in the optical modulator having a single op- 
tical waveguide, the reduction in the modulation efficien- 
cy due to the decreased interaction between the electric 
field F and the lightwave directly causes the increase in 
the driving voltage. In order to mitigate the above men- 

35 tioned problem, a width of the ground electrode 5a may 
be decreased or a spacing between the hot electrode 4 
and the ground electrode 5a may be reduced. However, 
then another problems might occur that a frequency 
characteristic might be deteriorated particularly at a high 

40 frequency and the characteristic impedance might be 
deviated so as to increase the undesired reflection. 

Fig. 6 is a schematic cross sectional view illustrating 
a known Mach-Zehnder type optical intensity modulator 
comprising an X-cut LN substrate 1 . Also in this known 

45 optical modulator, the electric field F is spread due to 
the fact that the ground electrodes 5a and 5b have a 
wider width than the hot electrode 4, and thus the inter- 
action between the electric filed F and the lightwave 
propagating along the optical waveguides 2a and 2b is 

50 decreased and the high driving voltage is required. 

Summary of the Invention 

The present invention has for its object to provide 
55 a novel and useful waveguide type optical modulator, 
which can solve the above mentioned problems of the 
known optical modulators, can have a wide modulation 
bandwidth, and can operate at a lower driving voltage. 



3 



5 EP 0 813 092 A1 6 



It is another object of the invention to provide a nov- 
el and useful waveguide type optical modulator, in which 
the spread of the electric field under the ground elec- 
trode can be reduced and, thus the interaction between 
the electric field and the lightwave propagating along the 
optical waveguide under or near the ground electrode 
can be increased so that the driving voltage can be low- 
ered. 

According to a first aspect of the invention, a 
waveguide type optical modulator comprising a sub- 
strate made of a material having an electrooptical effect, 
at least one optical waveguide formed in a surface re- 
gion of said substrate, lightwave to be modulated being 
propagated along said optical waveguide, a buffer layer 
formed on the surface of the substrate, electrodes of 
traveling-wave type comprising a hot electrode applying 
a microwave and at least one ground electrode provided 
on said buffer layer, said hot and ground electrodes be- 
ing extended in parallel with said optical waveguide, 
characterized in that said hot electrode has a width W e 
smaller than a width W f of said optical waveguide, and 
that an electric field adjusting region is provided be- 
tween the buffer layer and the hot electrode, said electric 
field adjusting region having a width h not smaller than 
the width W e of the hot electrode. 

According to a preferable embodiment of the first 
aspect of the invention, said electric field adjusting re- 
gion is formed above said optical waveguide and has 
the width h substantially equal to the width W f of the op- 
tical waveguide. 

According to another preferable embodiment of the 
first aspect of the invention, said electric field adjusting 
region is formed to have a non-uniform distribution in 
conductivity viewed in a direction of the width thereof. 

When the optical waveguide is formed below the hot 
electrode, a central portion of the electric field adjusting 
region has a higher conductivity and a peripheral portion 
of the electric field adjusting region has a lower conduc- 
tivity. When the optical waveguide is formed between 
the hot electrode and the ground electrode, a central 
portion of the electric field adjusting region has a lower 
conductivity and a peripheral portion of the electric field 
adjusting region has a higher conductivity. 

According to the first aspect of the invention, the 
electric field adjusting region may be made of a metal 
selected from the group consisting of Ti, Cr, Ni, Cu, Au 
and alloys thereof. 

Furthermore, said electric field adjusting region 
may be made of a semiconductive material selected 
from the group consisting of Ga, In, As, A I, B, Ge, Si, 
Sn, Sb and compounds thereof. 

According to the first aspect of the invention, a ma- 
terial, a thickness d and a width h of said electric field 
adjusting region are determined such that a character- 
istic impedance Z of said electrodes of traveling-wave 
type and an effective refractive index for the microwave 
are not substantially affected by the electric field adjust- 
ing region, and an interaction between the distribution 



of the electric field generated by the microwave applied 
to the hot electrode and the distribution of the intensity 
of the lightwave propagating along the optical 
waveguide is enhanced. 

s In a preferable embodiment of the optical modulator 
according to the first aspect of the invention, said electric 
field adjusting region has a thickness d from 150 A to 1 
uin and the width h from 2 u.m to a smaller value than a 
sum of the width W e of the hot electrode and twice of a 

10 spacing S between the hot electrode and the ground 
electrode (W e + 2S). 

According to a second aspect of the invention, a 
waveguide type optical modulator comprising a sub- 
strate made of a material having an electrooptical effect, 

'5 at least one optical waveguide formed in a surface re- 
gion of said substrate, lightwave to be modulated being 
propagated along said optical waveguide, a buffer layer 
formed on the surface of the substrate, electrodes of 
traveling-wave type comprising a hot electrode applying 

20 a microwave and at least one ground electrode provided 
on said buffer layer, said hot and ground electrodes be- 
ing extended in parallel with said optical waveguide, 
characterized in that a ground side electric field adjust- 
ing main-region and a ground side electric field adjusting 

25 sub-region are provided side by side between the 
ground electrode and the buffer layer. 

In a preferable embodiment according to the sec- 
ond aspect of the invention, said ground side electric 
field adjusting main-region is made of metal, semicon- 

30 ductor or a combination thereof, and said ground side 
electric field adjusting sub-region is made of metal, sem- 
iconductor, dielectric material or a combination thereof. 

In a preferable embodiment according to the sec- 
ond aspect of the invention, said ground side electric 

35 field adjusting sub-region is made of a dielectric material 
having such a dielectric constant that the interaction be- 
tween the electric field and the lightwave propagating 
along the optical waveguide is enhanced. 

In another preferable embodiment according to the 

40 second aspect of the invention, said ground side electric 
field adjusting main-region is formed by an electrically 
conductive material layer, and said ground side electric 
field adjusting sub-region is formed by an air gap. 
In a preferable embodiment according to the sec- 

45 ond aspect of the invention, the ground side electric field 
adjusting main- and sub-regions are made of a metal 
selected from the group consisting of Ti, Cr, Ni, Cu, Au 
and alloys thereof. 

In another preferable embodiment according to the 

so second aspect of the invention, said ground side electric 
field adjusting main- and sub-regions are made of a 
semiconductive material selected from the group con- 
sisting of Ga, In, As, Al, B, Ge, Si, Sn, Sb and com- 
pounds thereof. 

55 According to the second aspect of the invention, a 
material, a thickness and a width of said ground side 
electric field adjusting main- and sub-regions are deter- 
mined such that a characteristic impedance Z of said 
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electrodes of traveling-wave type and an effective re- 
fractive index for the microwave are not substantially af- 
fected by the ground side electric field adjusting regions, 
and an interaction between the distribution of the electric 
field generated by the microwave applied to the hot elec- 
trode and the distribution of the intensity of the lightwave 
propagating along the optical waveguide is enhanced. 

According to the invention, the substrate is prefer- 
ably made of lithium niobate and said optical waveguide 
is formed by effecting a thermal diffusion of titanium into 
the substrate surface. 

Brief Description of the Drawings 

Figs. 1 A and 1 B are perspective and cross sectional 
views, respectively showing a known optical mod- 
ulator of waveguide type; 

Fig. 2 is a schematic cross sectional view illustrating 
the distribution of the electric field with respect to 
the optical waveguides in the known optical modu- 
lator shown in Fig. 1 ; 

Fig. 3 is a schematic cross sectional view depicting 
the distribution of the electric field in another known 
optical modulator of waveguide type; 
Fig. 4 is a typical profile illustrating an intensity dis- 
tribution of the lightwave propagating along the op- 
tical waveguide in the known optical modulator; 
Fig. 5 is a schematic cross sectional view showing 
the distribution of the electric field in the known op- 
tical modulator; 

Fig. 6 is a schematic cross sectional view depicting 
the distribution of the electric field in another known 
optical modulator; 

Fig. 7 is a schematic cross sectional view illustrating 
a first embodiment of the optical modulator accord- 
ing to the invention; 

Fig. 8 is a graph representing a simulated relation- 
ship between a width of the hot electrode and an 
effective refractive index for the microwave; 
Fig. 9 is a graph expressing a simulated relationship 
between a width of the hot electrode and a driving 
voltage; 

Fig. 10 is a schematic cross sectional view repre- 
senting the distribution of the electric field in the op- 
tical modulator shown in Fig. 7; 
Fig. 11 is a cross sectional view illustrating a second 
embodiment of the optical modulator according to 
the invention; 

Fig. 1 2 is a cross sectional view showing a third em- 
bodiment of the optical modulator according to the 
invention; 

Fig. 1 3 is an enlarged cross sectional view of a hot 
electrode portion of Fig. 12; 
Fig. 14 is a cross sectional view depicting a fourth 
embodiment of the optical modulator according to 
the invention; 

Fig. 15 is a cross sectional view illustrating a main 
portion of a fifth embodiment of the optical modula- 



tor according to the invention; 
Fig. 16 is a cross sectional view showing a main 
portion of a sixth embodiment of the optical modu- 
lator according to the invention; 
s Fig. 17 is a cross sectional view for explaining a 
method of manufacturing the optical modulator 
shown in Fig. 16: 

Fig. 18 is a schematic cross sectional view depicting 
a seventh embodiment of the optical modulator ac- 
10 cording to the invention; 

Fig. 19 is a schematic cross sectional view illustrat- 
ing an eighth embodiment of the optical modulator 
according to the invention; 
Fig. 20 is a cross sectional view showing a ninth 
is embodiment of the optical modulator according to 
the invention 

Fig. 21 is a cross sectional view illustrating a tenth 
embodiment of the optical modulator according to 
the invention 

Fig. 22 is a cross sectional view depicting an elev- 
enth embodiment of the optical modulator accord- 
ing to the invention; 

Fig. 23 is a cross sectional view showing a twelfth 
embodiment of the optical modulator according to 
the invention; 

Fig. 24 is a cross sectional view representing a thir- 
teenth embodiment of the optical modulator accord- 
ing to the invention; 

Fig. 25 is a cross sectional view depicting a four- 
teenth embodiment of the optical modulator accord- 
ing to the invention; 

Fig. 26 is a schematic cross sectional view illustrat- 
ing a fifteenth embodiment of the optical modulator 
according to the invention; 

Fig. 27 is a cross sectional view showing a sixteenth 
embodiment of the optical modulator according to 
the invention; and 

Fig. 28 is a cross sectional view expressing a sev- 
enteenth embodiment of the optical modulator ac- 
cording to the invention. 

Description of the Preferred Embodiments 

Fig. 7 is a schematic cross sectional view showing 
a first embodiment of the optical modulator according to 
the first aspect of the invention. In the present embodi- 
ment, the optical modulator is formed as the Mach-Zeh- 
nder type optical intensity modulator comprising two op- 
tical waveguides and traveling-wave type electrodes. 
The optical modulator comprises a substrate 11 formed 
by a Z-cut lithium niobate plate having an electrooptical 
effect. In a surface region of the substrate 11 there are 
formed optical waveguides 12a and 12b. These optical 
waveguides 12a and 12b are formed by depositing a ti- 
tanium film having a thickness of 800 A and then effect- 
ing a thermal diffusion at 1000°C for ten hours. On the 
surface of the substrate 1 1 , there is formed a buffer layer 
1 3 for suppressing a lightwave absorption by metal elec- 
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trodes. This buffer layer 13 is formed by a Si0 2 having 
a thickness of 1 .0 u.m and is formed by a sputtering proc- 
ess. 

The optical modulator comprises an electric field 
adjusting region 1 4 provided on the buffer layer 1 3. The 
electric field adjusting region 14 is formed by applying 
a photo-resist by a spin coat process, providing a mask 
having an opening corresponding to the electric field ad- 
justing region to be formed, exposing the photo-resist 
through the mask and developing the photo-resist to re- 
move an exposed portion thereof, depositing Ti by a 
thickness d of 500 A, and by removing the photo-resist. 
In this manner, the electric field adjusting region 14 can 
be formed by a lift-off method. 

In the present embodiment, the electric field adjust- 
ing region 14 is made of Ti, but according to the inven- 
tion, the electric field adjusting region may be made of 
other material than Ti. That is to say, according to the 
invention, the electric field adjusting region 14 is made 
of a material selected from the group consisting of Ti, 
Cr, Ni, Cu and Au or alloys thereof. 

The electric field adjusting region 14 is formed to 
have a width h which is substantially equal to a width of 
lightwave propagating along the optical waveguide 1 2a. 
In the present embodiment, the electric field adjusting 
region 14 is made of Ti having a higher conductivity, and 
thus a width h of the region 14 is set to about 10 urn 
The electric field adjusting region 1 4 may be made of a 
semiconductive material having a lower conductivity 
than metal. When the electric field adjusting region 14 
is made of Si, the region is preferably formed to have a 
thickness d of 1000 A and a width h of 20-30 um 

When the electric field adjusting region 14 is made 
of a semiconductive material, thickness d and width h 
of the region may be varied over a wide range, because 
the conductivity of the semiconductive material may be 
adjusted widely by selecting impurity concentration, 
composition and manufacturing method. However, in 
such a case, it is necessary to use a much more precise 
manufacturing machine as well as a much more strict 
management in manufacture. The semiconductive ma- 
terial for the electric field adjusting region 14 may be 
selected from the group consisting of Ga, In, As, Al, B, 
Ce, Si, Sn and Sb and compounds thereof. 

The optical modulator further comprises a hot elec- 
trode 15 and two ground electrodes 16a and 16b. The 
hot electrode 15 is provided above the first optical 
waveguide 1 2a, one of the ground electrodes 1 6a is pro- 
vided above the second optical waveguide 1 2b and the 
other ground electrode 16b is arranged such that the 
ground electrodes are symmetrical with respect to the 
hot electrode 1 5. 

The hot electrode 15 and ground electrodes 16a, 
16b are formed by the electroplating method using the 
photo-resist. That is to say, after forming the electric field 
adjusting region 14, a photo-resist is applied on the sur- 
face, portions of the applied photo-resist corresponding 
to the electrodes 15, 16a and 16b are selectively re- 
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moved, an electrode material such as Au is deposited 
by an electroplating to have a thickness t of 10 um, and 
finally the photo-resist is removed. 

The hot electrode 1 5 is formed to have such a width 

5 W e that an effective refractive index n m for the micro- 
wave is substantially identical with an effective refractive 
index n c for the lightwave. In the present embodiment, 
the width W e of the hot electrode 1 5 is set to 5 ujti which 
is smaller than a width W f of the optical waveguide 1 2a. 

io Then, the effective refractive index for the microwave 
becomes about 2.2 as can be seen from a graph shown 
in Fig. 8. In Fig. 8, a horizontal axis denotes the width 
W e of the hot electrode 15 and a vertical axis represents 
the effective refractive index for the microwave. When 

'5 the hot electrode has a width W e of 1 0-20 u.m like as the 
known optical modulator, the effective refractive index 
n m for the microwave becomes about 2.5-2.6 which are 
larger than the effective refractive index 2.2 for the light- 
wave. In the present embodiment, the width W e of the 

20 hot electrode 15 is set to 5 uin, and thus the effective 
refractive index for the microwave is about 2.2 which is 
substantially equal to that for the lightwave propagating 
along the optical waveguides 1 2a and 1 2b. In this case, 
it is no more necessary to make the thickness t of the 

25 hot electrode 15 larger than an electrode spacing S. 
Therefore, it is possible to overcome the problems of the 
known optical modulator such as the peeling off of the 
hot electrode due to an internal stress of the thick metal 
deposition and the variation in the impedance of the op- 

30 tical modulator and in the effective refractive index for 
the microwave due to a poor reproducibility of the thick 
hot electrode. 

In the Mach-Zehnder type optical intensity modula- 
tor having the very narrow hot electrode of the present 

35 embodiment, the velocity matching is attained between 
the microwave and the lightwave, and thus has a very 
wide modulation bandwidth. However, there occurs a 
problem that the driving voltage of the modulator be- 
comes higher because of narrowly formed hot electrode 

40 as shown in Fig. 9. In Fig. 9, a horizontal axis represents 
the width W e of the hot electrode 15 and a vertical axis 
denotes a product of the half -wave voltage V K and a 
length L of the hot electrode. To overcome this problem, 
the present embodiment has a configuration that the 

<5 electric field adjusting region 1 4 is made of a suitable 
material to have suitable thickness d and width h such 
that the characteristic impedance Z of the electrodes 
and effective refractive index n m for the microwave are 
not affected by the electric field adjusting region 1 4, and 

50 at the same time, the distribution of the electric field F 
generated by the microwave applied to the hot electrode 
15 and the distribution in intensity of the lightwave prop- 
agating along the optical waveguides 12a and 12b are 
matched with each other as illustrated in Fig. 10, and 

55 therefore a very strong interaction can be attained be- 
tween the microwave electric field and the lightwave. 
Therefore, the driving voltage can be lowered even 
though the hot electrode of the modulator is formed nar- 
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rowly. According to the invention, an effective width W e 
of the hot electrode 15 is increased by the electric field 
adjusting region 14, and thus the driving voltage can be 
decreased. 

Fig. 11 is a cross sectional view showing a second 
embodiment of the optical modulator according to the 
first aspect of the invention. The optical modulator of the 
present embodiment is also formed as the Mach-Zeh- 
nder type. In the present embodiment, use is made of 
an X-cut LN substrate 21 instead of the Z-cut LN sub- 
strate 11 used in the first embodiment. In the X-cut LN 
substrate 21, the maximum electrooptical constant r^ 
appears horizontally, i.e. in parallel with the surface of 
the substrate. Therefore, the first and second optical 
waveguides 12a and 12b are arranged between the hot 
electrode 1 5 and the first and second ground electrodes 
16a and 16b, respectively such that the electric field is 
horizontally applied to the lightwave propagating along 
the optical waveguides. The optical modulator of the 
present embodiment can be manufactured in a substan- 
tially same manner as that of the previous embodiment. 
However, in the present embodiment using the X-cut LN 
substrate 21, the electric field adjusting region 14 is 
formed to have a larger width h than that of the previous 
embodiment. That is to say, when the electric field ad- 
justing region 14 is made of NiCr, the region has a width 
h of 15 urn and a thickness d of 500 A. This is due to a 
fact that when the optical waveguides 12a and 12b are 
formed not under the electrodes 15 and 16a, but be- 
tween the electrodes 15 and 16a, 16b, the interaction 
between the electric field and the lightwave can be en- 
hanced by increasing the width h of the electric field ad- 
justing region 14, and thus the driving voltage can be 
lowered. 

When the electric field adjusting region 1 4 is made 
of a semiconductive material such as Si, it is preferable 
to set a thickness d and a width h of the region 14 to 
1000 A and 30-40 jim, respectively. In any case, a width 
W e of the hot electrode 1 5 is set to 5 urn which is smaller 
than a width W f of the optical waveguides 1 2a and 1 2b. 

According to the invention, it has been experimen- 
tally confirmed that a thickness d of the electric field ad- 
justing region 14 is preferably set to a value within a 
range from 150 A to 1 um and a width h of the electric 
field adjusting region 1 4 is preferably set to a value with- 
in a range from 2 urn to a smaller value than a sum of 
twice of the electrode spacing S and width W e of the hot 
electrode 15. 

Fig. 1 2 is a cross sectional view showing a third em- 
bodiment of the optical modulator according to the first 
aspect of the invention. The optical modulator of the 
present embodiment is of the Mach-Zehnder type and 
the Z-cut LN plate is used as a substrate 11 like as the 
first embodiment, and therefore, first and second optical 
waveguides 12a and 12b are formed under hot elec- 
trode 15 and first ground electrode 16a, respectively. 
According to the aspect of the invention, an electric field 
adjusting region 22 provided between the buffer layer 



13 and the hot electrode 15 is formed to have a non- 
uniform distribution in conductivity viewed in a direction 
parallel with the surface of the substrate 11. In the 
present embodiment, the electric field adjusting region 

s 22 is consisting of a central portion 22a and a peripheral 
portion 22b, said central portion 22a being made of a 
material having a higher conductivity than a material of 
which the peripheral portion 22b is made. That is to say, 
the central portion 22a of the electric field adjusting re- 

10 gion 22 is made of NiCr and the peripheral portion 22b 
is made of Ti, NiCr having a higher conductivity than Ti. 

Then, as illustrated in Fig. 13, the density of the 
electric field F generated in the vicinity of the hot elec- 
trode becomes higher at the central area and becomes 

'5 lower at the peripheral area. On the other hand, the in- 
tensity distribution of lightwave propagating along the 
optical waveguide has the Gaussian profile in which the 
intensity of lightwave becomes to be weakened from the 
center of the intensity distribution towards the periphery 

20 as shown in Fig. 4. Therefore, the electric field can be 
much more effectively interacted with the lightwave 
propagating along the optical waveguide 1 2a, and thus 
the driving voltage can be further deceased. 

The electric field adjusting region 22 having the cen- 

25 tral portion 22a and peripheral portion 22b made of dif- 
ferent materials may be manufactured in the following 
manner. After forming the buffer layer 13 on the sub- 
strate 11 , a first photo-resist pattern having an opening 
at position corresponding to the central portion 22a is 

30 formed, and a NiCr film having a thickness of 1 000 A is 
deposited by a vacuum evaporation. Then, the first pho- 
to-resist pattern is removed to form the central portion 
22a having a width of 5 um. Next, a second photo-resist 
pattern having an opening at position corresponding to 

35 the peripheral portion 22b is formed and a Ti film having 
a thickness of 1000 A is deposited by sputtering. After 
that, the second photo- resist pattern is removed to form 
the peripheral portion 22b having a width of 10 um In 
this manner, the central portion 22a and peripheral por- 

40 tion 22b of the electric field adjusting region 22 can be 
easily and precisely formed by the lift-off method. Then, 
a third photo-resist pattern having openings at positions 
corresponding to the hot electrode 1 5 and ground elec- 
trodes 1 6a, 1 6b is formed, and an Au film having a thick- 

45 ness of 1 0 urn is deposited by an electroplating. Finally, 
the third photo-resist pattern is removed to form the hot 
electrode 15 and ground electrodes 16a, 16b. It should 
be noted that the hot electrode 15 has a width W e of 5 
Jim smaller than a width W f of the optical waveguide 1 2a. 

50 Fig. 14 is a fourth embodiment of the optical mod- 
ulator according to the first aspect of the invention. In 
the present embodiment, a substrate 21 is formed by an 
X-cut LN plate and thus first and second optical 
waveguides 1 2a and 1 2b are formed at off -set positions 

55 with respect to the hot electrode 1 5 like as the second 
embodiment illustrated in Fig. 11. Also in the present 
embodiment, an electric field adjusting region 23 is con- 
sisting of a central portion 23a made of Si and a periph- 



13 

eral portion 23b made of NiCr. That is to say, in the 
present embodiment, the central portion 23a has a lower 
conductivity than the peripheral portion 23b. Further- 
more, a width of the central portion 23a is set to 4 \im 
which is smaller than a width of the hot electrode 15 of 
5 um The peripheral portion 23b has a width of 10 um 
and is formed to extend partially underneath the hot 
electrode 15. Then, the peripheral portion 23b of the 
electric field adjusting region 23 is brought in to direct 
contact with the hot electrode 15. Therefore, the electric 
field F generated in the vicinity of the hot electrode is 
effectively interacted with the lightwave propagating 
along the optical waveguides 12a and 12b as depicted 
in Fig. 14, and thus the driving voltage can be reduced. 

Fig. 1 5 is a cross sectional view showing a main 
portion of a fifth embodiment of the optical modulator 
according to the first aspect of the invention. In the 
present embodiment, use is made of a Z-cut LN sub- 
strate 11 and an electric field adjusting region 22 is 
formed by a central portion 22a having a width larger 
than that of the hot electrode 1 5 and a peripheral portion 
22b made of a material having a lower conductivity than 
that of the material of the central portion 22a. Also in the 
present embodiment, the electric field can be effectively 
interacted with the lightwave propagating along the op- 
tical waveguide 12a, and thus the driving voltage can 
be decreased. 

Fig. 1 6 is a cross sectional view showing a sixth em- 
bodiment of the optical modulator according to the first 
aspect of the invention. In the embodiments depicted in 
Figs. 12-15, the electric field adjusting region is formed 
such that the conductivity is changed in a stepwise man- 
ner viewed in the direction of a width thereof. However, 
in the present embodiment, an electric field adjusting re- 
gion 24 is formed to have a distribution in conductivity 
which is gradually changed in the direction of a width 
thereof. By suitably selecting the distribution in conduc- 
tivity of the electric field adjusting region 24, it is possible 
to further enhance the interaction between the electric 
field and the lightwave, and therefore the driving voltage 
can be further decreased. 

Now an example of a method of manufacturing the 
electric field adjusting region 24 having the continuously 
changing distribution in conductivity will be explained. 
At first, as depicted in Fig. 17, a Si film 25 having thick- 
ness of 1000 A and width of 10 urn is formed on both 
sides of a hot electrode 1 5 made of Au. Then, an as- 
sembly is heated at about 350°C for three hours to form 
an alloy of Si and Au. In this manner, the electric field 
adjusting region 24 having the continuously changing 
conductivity can be obtained. In this case, a central por- 
tion of the region 24 has a higher conductivity than a 
peripheral portion. 

In general, it is difficult to form a film having a con- 
tinuously changing conductivity viewed in a direction 
parallel with a surface thereof. In the above explained 
method, such a film can be easily formed by utilizing the 
alloying process. In this case, a configuration of the dis- 



14 

tribution of conductivity can be adjusted by changing al- 
loying temperature and time in accordance with position 
and width of the optical waveguide within the substrate. 
In the above embodiment, the electric field adjust- 
s ing region 24 having the continuously varying distribu- 
tion in conductivity is formed by the alloy of the metal 
and semiconductor, but according to the invention, such 
a region may be formed by an alloy of different kinds of 
metals. 

10 Fig. 1 8 is a schematic cross sectional view illustrat- 
ing a seventh embodiment of the optical modulator ac- 
cording to the second aspect of the invention. The opti- 
cal modulator of the present embodiment is formed as 
a Mach-Zehnder type optical intensity modulator com- 

15 prising a Z-cut LN substrate 11 having formed therein 
first and second optical waveguides 1 2a and 1 2b, a buff- 
er layer 13, a hot electrode 15 and a ground electrode 
31 . According to the second aspect of the instant inven- 
tion, between the buffer layer and the ground electrode 

20 31 , there are formed ground side electric field adjusting 
main- and sub-regions 32 and 33, which are aligned in 
the direction of width of the electrode. In the present em- 
bodiment, the ground side electric field adjusting main- 
region 32 is formed by a NiCr film having a thickness of 

2S 500 A. The ground side electric field adjusting sub-re- 
gion 33 is formed by an air gap. A sufficient function may 
be attained by the very thin air gap 33, but in view of 
manufacturing, it is preferable to set a thickness of the 
air gap not smaller than 0.1 urn Since the air gap 33 

30 has a lower dielectric constant than the buffer layer 1 3, 
the effective refractive index for the microwave can be 
advantageously influenced by the air gap. A width and 
a position of the NiCr film 32 serving as the ground side 
electric field adjusting main-region and a width of the air 

35 gap 33 serving as the ground side electric field adjusting 
sub-region are determined such that the electric field F 
can be interacted with the lightwave propagating along 
the optical waveguide 1 2b in the most effective manner. 
Fig. 1 9 is a schematic cross sectional view showing 

40 an eighth embodiment of the optical modulator accord- 
ing to the second aspect of the invention. In the present 
embodiment, a substrate 21 is formed by an X-cut LN 
plate, and thus first and second optical waveguides 12a 
and 1 2b are formed between a hot electrode 1 5 and first 

45 and second ground electrodes 31a and 31 b, respective- 
ly. Between a buffer layer 13 and the first and second 
ground electrodes 31a and 31b are provided first and 
second NiCr films 32a and 32b serving as the ground 
side electric field adjusting main-region, and first and 

50 second air gaps 33a and 33b serving as the ground side 
electric field adjusting sub-region. Also in the present 
embodiment, the interaction between the electric field F 
and the lightwave propagating along the optical 
waveguides 12a and 12b can be enhanced, so that the 

55 driving voltage can be reduced. 

Fig. 20 is a cross sectional view depicting a ninth 
embodiment of the optical modulator according to the 
second aspect of the invention. In the present embodi- 
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ment, a Z-cut LN substrate 11 is used, and thus first and 
second optical waveguides 1 2a and 1 2b are formed un- 
der hot electrode 15 and first ground electrode 34a, re- 
spectively. A second ground electrode 34b is formed at 
opposite side to the first ground electrode 34a with re- 
spect to the hot electrode 1 5. 

In the present embodiment, between the buffer lay- 
er 1 3 and the first and second ground electrodes 34a 
and 34b, there are formed first and second ground side 
electric field adjusting main-regions 35a and 35b as well 
as first and second ground side electric field adjusting 
sub-regions 36a and 36b. Each of the first and second 
ground side electric field adjusting main-regions 35a 
and 35b are consisting of a NiCr film having a thickness 
of 500 A and a width of 10 jam which is substantially 
equal to a width of the optical waveguide 12b. Each of 
the first and second ground side electric field adjusting 
sub-regions 36a and 36b are consisting of a Ti film hav- 
ing a thickness of 500 A and a width of 300 urn These 
regions 35a, 35b, 36a and 36b may be manufactured 
by the lift-off method using photo-resist patterns. The 
hot electrode 1 5 and ground electrodes 34a and 34b are 
formed by an Au film having a thickness of 1 0 urn These 
electrodes may be formed by using the electroplating 
process. It should be noted that the hot electrode 1 5 has 
a width of 5 u/n which is smaller than a width of the op- 
tical waveguide 1 2a such that desired velocity matching 
between the microwave and the lightwave can be at- 
tained. 

In the optical modulator using the Z-cut LN sub- 
strate 11, the improvement of the interaction between 
the microwave electric field and the lightwave propagat- 
ing along the optical waveguide 12b can be attained by 
providing only the ground side electric field adjusting 
main- and sub-regions 35a and 36a underneath the first 
ground electrode 34a. However, in order to improve the 
frequency characteristic at a high frequency and tem- 
perature property, a cross section of the optical modu- 
lator preferably has a symmetrical construction, and 
therefore it is preferable to provided the second ground 
side electric field adjusting main- and sub-regions 35b 
and 36b underneath the second ground electrode 34b 
as shown in Fig. 20. 

NiCr of the ground side electric field adjusting main- 
region 35a has a higher conductivity than Ti of the 
ground side electric field adjusting sub-region 36a, and 
thus the electric field intensity becomes higher at the 
ground side electric field adjusting main-region 35a. 
Therefore, the interaction between the electric field and 
the lightwave propagating along the optical waveguide 
12b is enhanced. 

Fig. 21 is a cross sectional view showing a tenth 
embodiment of the optical modulator according to the 
second aspect of the invention. In the present embodi- 
ment, each of first and second ground side electric field 
adjusting main-regions are consisting of a central por- 
tion 37a, 37b made of NiCr and a peripheral portion 38a, 
38b made of Ti, and each of first and second ground 



side electric field adjusting sub-regions 39a, 39b are 
made of Si. Then, the electric field intensity is increased 
at a center of the optical waveguide 12b, and thus the 
function of the electric field is further enhanced 

s It should be noted that according to the invention, 
the ground side electric field adjusting main- and sub- 
regions may have various constructions. For instance, 
these regions may be consisting of more than three dif- 
ferent kinds of materials or may be constructed a film 

10 having a continuously changing conductivity like as the 
electric field adjusting region formed between the buffer 
layer and the hot electrode. Such a region may be 
formed by an alloy of metals or an alloy of metal and 
semiconductor. 

15 Fig. 22 is a cross sectional view illustrating an elev- 
enth embodiment of the optical modulator according to 
the second aspect of the invention. In the present em- 
bodiment, ground side electric field adjusting main- and 
sub-regions 40a, 41 a; 40b, 41 b are formed between the 

20 buffer layer 1 3 and a part of ground electrodes 39a, 39b. 
That is to say, the ground electrodes 39a and 39b are 
partially brought into direct contact with the buffer layer 
13. 

Fig. 23 is a cross sectional view depicting a twelfth 

25 embodiment of the optical modulator according to the 
second aspect of the invention. In this embodiment, 
ground side electric field adjusting main-regions 42a 
and 42b are provided between the buffer layer 1 3 and 
the ground electrodes 34a and 34b, respectively. These 

30 regions 42a and 42b are formed by a NiCr film having 
a thickness of 0.1 pm. Ground side electric field adjust- 
ing sub-regions 43a and 43b are formed by air gaps hav- 
ing a thickness of 0.1 um 

Fig. 24 is a cross sectional view showing a thir- 

35 teenth embodiment of the optical modulator according 
to the second aspect of the invention. Also in the present 
embodiment, ground side electric field adjusting sub-re- 
gions 43a and 43b are formed by air gaps having a thick- 
ness equal of a metal film constituting ground side elec- 

40 trie field adjusting main-regions 42a and 42b, but ground 
electrodes 44a and 44b have projections formed in rear 
surfaces thereof, said projections having a height equal 
to a thickness of air gaps. Then, the ground electrodes 
44a and 44b are supported on the buffer layer 13 by 

45 means of the ground side electric field adjusting main- 
regions 42a, 42b and the projections. 

Fig. 25 is a cross sectional view illustrating a four- 
teenth embodiment of the optical modulator according 
to the second aspect of the invention. In the present em- 

50 bodiment, in a surface of a buffer layer 45 there are 
formed projections 45a and 45b which serve as the 
ground side electric field adjusting sub-region. Ground 
side electric field adjusting main-regions 46a and 46b 
are formed by a metal film having a thickness which is 

55 smaller than a height of the projections 45a and 45b. 
Therefore, ground electrodes 47a and 47b have com- 
plemental projections formed in lower surfaces thereof 
corresponding inversely to the projections of the buffer 
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layer 45a and 45b. 

Fig. 26 is a schematic cross sectional view depicting 
a fifteenth embodiment of the optical modulator accord- 
ing to a combination of the above mentioned first and 
second aspects of the invention. In the present embod- s 
iment, between the buffer layer 13 and the hot electrode 
15 is provided an electric field adjusting region 14 made 
of Ti like as the first embodiment shown in Fig. 7, and 
at the same time, between the buffer layer 13 and the 
ground electrode 31 are provided the ground side elec- 10 
trie field adjusting main- and sub-regions 32 and 33. The 
ground side electric field adjusting main-region 32 is 
made of NiCr and the sub-region 33 is formed by the air 
gap just like as the eight embodiment depicted in Fig. 1 9. 

Fig. 27 is a cross sectional view showing a sixteenth is 
embodiment of the optical modulator according to a 
combination of the first and second aspects. In the 
present embodiment, the electric field adjusting region 
22 provided between the buffer layer 1 3 and the hot 
electrode 1 5 is consisting of a central portion 22a made 20 
of NiCr and a peripheral portion 22b made of Ti like as 
the third embodiment shown in Fig. 12. Furthermore, be- 
tween the ground electrodes 34a, 34b and the buffer lay- 
er 1 3 there are provided ground side electric field ad- 
justing main-regions 35a, 35b made of NiCr and ground 25 
side electric field adjusting sub-regions 36a, 36b made 
of Ti like as the ninth embodiment depicted in Fig. 20. 

In the embodiments shown in Figs. 26 and 27, the 
electric field is concentrated to the vicinity of both the 
first and second optical waveguides 12a and 12b, and so 
therefore the interaction between the electric field and 
the lightwave propagating along these waveguides is 
enhanced very much and the driving voltage can be de- 
creased very much. Of course, the effective refractive 
index for the microwave becomes substantially identical 35 
with that for the lightwave without affecting the charac- 
teristic impedance Z and frequency characteristic of the 
optical modulator. 

In the embodiments as far explained, the optical 
modulator is constructed as the Mach-Zehnder type *o 
having the first and second optical waveguides. In the 
present invention, it is also possible to construct the op- 
tical modulator in any other type than the Mach-Zehnder 
type. 

Fig. 28 is cross sectional view showing a seven- *s 
teenth embodiment of the optical modulator according 
to the invention. In the present embodiment, in a surface 
region of a Z-cut LN substrate 1 1 is formed only a single 
optical waveguide 12 by effecting a thermal diffusion of 
Ti. On the surface of the substrate 1 1 , there is formed a so 
buffer layer 13. An electric field adjusting region 14 
made of NiCr is deposited on the buffer layer 1 3 at po- 
sition immediately above the optical waveguide 1 2. Fur- 
ther, on the electric field adjusting region 1 4 is formed a 
hot electrode 15. As explained above, according to the ss 
invention, the electric field adjusting region 1 4 is formed 
to have a width h which is substantially equal to a width 
W f of the optical waveguide 1 2 and the hot electrode 1 5 



is formed to have a width W e which is smaller than the 
width W f of the optical waveguide 12. Further, it is no 
more necessary to make a thickness t of the hot elec- 
trode 1 5 and ground electrodes 1 6a and 1 6b larger than 
an electrode spacing S. Moreover, a thickness d of the 
electric field adjusting region 14 is set to a value within 
a range from 150 A to 1000 A, which is sufficiently small- 
er than a thickness t of the hot electrode 1 5. The optical 
modulator shown in Fig. 28 may be used as the optical 
phase modulator or polarization scrambler. Further, in 
the above embodiments, the substrate is formed by the 
Z-cut or X-cut LN plate, but according to the invention, 
it is also possible to use a Y-cut LN plate. Moreover, the 
substrate may be made of dielectric or semiconductive 
material having the electroopttcal effect other than lithi- 
um niobate. 

As explained above in detail, according the inven- 
tion, it is possible to provide the optical modulator with 
optical waveguide which can solve the above mentioned 
problems of the known optical modulators such as the 
problem of peeling off of the thick hot electrode, the 
problem of varying the characteristic impedance, fre- 
quency characteristic and effective refractive index for 
the microwave. Further, the optical modulator according 
to the invention has a wide modulation bandwidth and 
an excellent impedance matching. 

Moreover, in the optical modulator according to the 
invention, the electric field generated by applied micro- 
wave can be concentrated to the vicinity of the optical 
waveguide and, thus the interaction between the electric 
field and the lightwave propagating along the optical 
waveguide can be enhanced. Therefore, the driving 
voltage can be decreased. 

Claims 

1. A waveguide type optical modulator comprising a 
substrate made of a material having an electroopti- 
cal effect, at least one optical waveguide formed in 
a surface region of said substrate, lightwave to be 
modulated being propagated along said optical 
waveguide, a buffer layer formed on the surface of 
the substrate, electrodes of traveling-wave type 
comprising a hot electrode applying a microwave 
and at least one ground electrode provided on said 
buffer layer, said hot and ground electrodes being 
extended in parallel with said optical waveguide, 
characterized in that said hot electrode has a width 
W e smaller than a width W f of said optical 
waveguide, and that an electric field adjusting re- 
gion is provided between the hot electrode and the 
buffer layer, said electric field adjusting region hav- 
ing a width h not smaller than the width W e of the 
hot electrode. 

2. An optical modulator according to claim 1 , charac- 
terized in that said electric field adjusting region is 
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formed to have a thickness d and a width h such 
that a characteristic impedance Z of said electrodes 
of traveling- wave type and an effective refractive in- 
dex for the microwave traveling across the said 
electrodes are not substantially affected by the 
electric field adjusting region, and an interaction be- 
tween the distribution of the electric field generated 
by the microwave applied to the hot electrode and 
the distribution of the intensity of the lightwave prop- 
agating along the optical waveguide is enhanced. 

3. An optical modulator according to claim 2, charac- 
terized in that said electric field adjusting region has 
the thickness d from 1 50 A to 1 urn and the width h 
from 2 urn to a smaller value than a sum of the width 
W e of the hot electrode and twice of a spacing S 
between the hot electrode and the ground electrode 
(W e+ 2S). 

4. An optical modulator according to claim 1 , charac- 
terized in that said electric field adjusting region is 
formed above said optical waveguide and has the 
width h substantially equal to the width W f of the 
optical waveguide. 

5. An optical modulator according to claim 1 , charac- 
terized in that said optical waveguide is formed at a 
position situating between said hot electrode and 
the ground electrode and said electric field adjust- 
ing region has the width h larger than the width Wf 
of the optical waveguide. 

6. An optical modulator according to claim 1 , charac- 
terized in that said electric field adjusting region is 
formed to have a non-uniform distribution in con- 
ductivity viewed in a direction of the width thereof. 

7. An optical modulator according to claim 6, charac- 
terized in that said electric field adjusting region is 
formed by a plurality of materials having different 
conductivities. 

8. An optical modulator according to claim 7, charac- 
terized in that the optical waveguide is formed be- 
low the hot electrode, and said electric field adjust- 
ing region includes a central portion and a periph- 
eral portion having a conductivity lower than that of 
the central portion. 

9. An optical modulator according to claim 7, charac- 
terized in that the optical waveguide is formed at a 
position situating between the hot electrode and the 
ground electrode, and said electric field adjusting 
region includes a central portion and a peripheral 
portion having a conductivity higher than that of the 
central portion. 

10. An optical modulator according to claim 6, charac- 



terized in that said electric field adjusting region is 
formed to have a continuously changing conductiv- 
ity viewed in the direction of the width thereof. 

5 1 1 . An optical modulator according to claim 1 0, charac- 
terized in that said electric field adjusting region is 
formed by an alloy obtained by a thermal diffusion. 

1 2. An optical modulator according to any one of claims 
10 1-11, characterized in that said substrate is formed 
by a lithium niobate LiNb0 3 and said optical 
waveguide is formed by effecting a thermal diffusion 
of titanium. 

15 1 3. An optical modulator according to any one of claims 
1-11, characterized in that said electric field adjust- 
ing region is made of a metal selected from the 
group consisting of Ti, Cr, Ni, Cu, Au and alloys 
thereof. 

20 

1 4. An optical modulator according to any one of claims 
1-11, characterized in that said electric field adjust- 
ing region is made of a semiconductive material se- 
lected from the group consisting of Ga, In, As, Al, 

25 b, Ge, Si, Sn, Sb and compounds thereof. 

15. An optical modulator according to claim 1 , charac- 
terized in that said optical modulator is constructed 
as a Mach-Zehnder type optical intensity modulator, 

30 first and second optical waveguides are formed in 
said substrate in parallel with each other, and first 
and second ground electrodes are provided on the 
buffer layer such that the first and second ground 
electrodes are symmetrical with respect to said hot 

35 electrode. 

16. An optical modulator according to claim 1 , charac- 
terized in that said optical modulator is constructed 
as an optical phase modulator or polarization 

40 scrambler, a single optical waveguide is formed in 
said substrate, and first and second ground elec- 
trodes are provided on the buffer layer such that the 
first and second ground electrodes are symmetrical 
with respect to said hot electrode. 

45 

17. A waveguide type optical modulator comprising a 
substrate made of a material having an electroopti- 
cal effect, at least one optical waveguide formed in 
a surface region of said substrate, lightwave to be 

50 modulated being propagated along said optical 
waveguide, a buffer layer formed on the surface of 
the substrate, electrodes of traveling-wave type 
comprising a hot electrode applying a microwave 
and at least one ground electrode provided on said 

55 buffer layer, said hot and ground electrodes being 
extended in parallel with said optical waveguide, 
characterized in that a ground side electric field ad- 
justing main-region and a ground side electric field 
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adjusting sub-region are provided between said 
buffer layer and said ground electrode, said ground 
side electric field adjusting main- and sub-regions 
being arranged side by side viewed in a direction of 
a width of the ground electrode. s 

1 8. An optical modulator according to claim 1 7, charac- 
terized in that said ground side electric field adjust- 
ing main- region is made of a material having a first 
conductivity and said ground side electric field ad- io 
justing sub-region is made of a material having a 
second conductivity which is lower than said first 
conductivity. 

1 9. An optical modulator according to claim 1 8, charac- 15 
terized in that said ground side electric field adjust- 
ing main-region is made of metal, semiconductor or 

a combination thereof, and said ground side electric 
field adjusting sub-region is made of metal, semi- 
conductor, dielectric material or a combination 20 
thereof. 

20. An optical modulator according to claim 1 8, charac- 
terized in that said ground side electric field adjust- 
ing sub-region is made of a dielectric material hav- 25 
ing such a dielectric constant that the interaction be- 
tween the electric field and the lightwave propagat- 
ing along the optical waveguide is enhanced. 

21 . An optical modulator according to claim 1 8, charac- 30 
terized in that said ground side electric field adjust- 
ing main-region is formed by an electrically conduc- 
tive material layer and said ground side electric field 
adjusting sub-region is formed by an air gap. 

35 

22. An optical modulator according to claim 1 7, charac- 
terized in that said ground side electric field adjust- 
ing main- and sub-regions have a thickness and a 
width such that a characteristic impedance Z of said 
electrodes of traveling-wave type and an effective 40 
refractive index n m for the microwave traveling 
across the said electrodes are not substantially af- 
fected by the ground side electric field adjusting 
main- and sub- regions and an interaction between 

the distribution of the electric field generated by the 45 
microwave applied to the hot electrode and the dis- 
tribution of the intensity of the lightwave propagat- 
ing along the optical waveguide is enhanced. 

23. An optical modulator according to any one of claims 50 
1 7-22, characterized in that said substrate is made 

of lithium niobate LiNb0 3 and said optical 
waveguide is formed by effecting a thermal diffusion 
of titanium into the substrate surface. 

55 

24. An optical modulator according to any one of claims 
17-22, characterized in that said ground side elec- 
tric field adjusting main- and sub-regions are made 



of a metal selected from the group consisting of Ti, 
Cr, Ni, Cu, Au and alloys thereof. 

25. An optical modulator according to any one of claims 
17-22, characterized in that said ground side elec- 
tric field adjusting main- and sub-regions are made 
of a semiconductive material selected from the 
group consisting of Ga, In, As, Al, B, Ge, Si, Sn, Sb 
and compounds thereof. 

26. An optical modulator according to claim 1 7, charac- 
terized in that said ground side electric field adjust- 
ing main- and sub-regions are made of metal, sem- 
iconductor or a combination thereof such that a dis- 
tribution in conductivity is changed viewed in the di- 
rection of a width of the ground electrode. 

27. A waveguide type optical modulator comprising a 
substrate made of a material having an electroopti- 
cal effect, at least one optical waveguide formed in 
a surface region of said substrate, lightwave to be 
modulated being propagated along said optical 
waveguide, a buffer layer formed on the surface of 
the substrate, electrodes of traveling-wave type 
comprising a hot electrode applying a microwave 
and at least one ground electrode provided on said 
buffer layer, said hot and ground electrodes being 
extended in parallel with said optical waveguide, 
characterized in that said hot electrode has a width 
W e smaller than a width W f of said optical 
waveguide, that an electric field adjusting region is 
provided between the hot electrode and the buffer 
layer, said electric field adjusting region having a 
width h not smaller than the width W e of the hot elec- 
trode, and that a ground side electric field adjusting 
main-region and a ground side electric field adjust- 
ing sub-region are provided between said buffer 
layer and said ground electrode, said ground side 
electric field adjusting main- and sub-regions being 
arranged side by side viewed in a direction of a 
width of the ground electrode. 

28. An optical modulator according to claim 27, charac- 
terized in that said electric field adjusting region and 
said ground side electric field adjusting main- and 
sub-regions are formed to have given thickness and 
given width such that a characteristic impedance Z 
of said electrodes of traveling- wave type and an ef- 
fective refractive index for the microwave traveling 
across the said electrodes are not substantially af- 
fected by the electric field adjusting region and 
ground side electric field adjusting main- and sub- 
regions, and an interaction between the distribution 
of the electric field generated by the microwave ap- 
plied to the hot electrode and the distribution of the 
intensity of the lightwave propagating along the op- 
tical waveguide is enhanced. 
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29. An optical modulator according to claim 28, charac- 
terized in that said electric field adjusting region is 
formed to have a non -uniform distribution in con- 
ductivity viewed in a direction of the width thereof. 

5 

30. An optical modulator according to claim 29, wherein 
said electric field adjusting region is formed by a plu- 
rality of materials having different conductivities. 

31 . An optical modulator according to claim 29, charac- io 
terized in that said electric field adjusting region is 
formed to have a continuously changing conductiv- 
ity viewed in the direction of the width thereof. 

32. An optical modulator according to claim 27, charac- is 
terized in that said optical modulator is constructed 

as a Mach-Zehnder type optical intensity modulator, 
first and second optical waveguides are formed in 
said substrate in parallel with each other, first and 
second ground electrodes are provided on the buff- 20 
er layer such that the first and second ground elec- 
trodes are symmetrical with respect to said hot elec- 
trode, first ground side electric field adjusting main- 
and sub-regions are provided between the buffer 
layer and the first ground electrode, and second 25 
ground side electric field adjusting main- and sub- 
regions are provided between the buffer layer and 
the second ground electrode. 

33. An optical modulator according to claim 27, charac- 30 
terized in that said optical modulator is constructed 

as an optical phase modulator or polarization 
scrambler, a single optical waveguide is formed in 
said substrate, first and second ground electrodes 
are provided on the buffer layer such that the first 35 
and second ground electrodes are symmetrical with 
respect to said hot electrode, first ground side elec- 
tric field adjusting main- and sub-regions are pro- 
vided between the buffer layer and the first ground 
electrode, and second ground side electric field ad- *o 
justing main- and sub-regions are provided be- 
tween the buffer layer and the second ground elec- 
trode. 

34. An optical modulator according to claim 27, charac- 
terized in that said ground side electric field adjust- 
ing main-region is made of a material having a first 
conductivity and said ground side electric field ad- 
justing sub-region is made of a material having a 
second conductivity which is lower than said first so 
conductivity. 

35. An optical modulator according to claim 34, charac- 
terized in that said ground side electric field adjust- 
ing main-region is made of metal, semiconductor or 55 
a combination thereof, and said ground side electric 
field adjusting sub-region is made of metal, semi- 
conductor, dielectric material or a combination 



thereof. 

36. An optical modulator according to claim 34, charac- 
terized in that said ground side electric field adjust- 
ing sub-region is made of a dielectric material hav- 
ing such a dielectric constant that the interaction be- 
tween the electric field generated by applied micro- 
wave and the lightwave propagating along the op- 
tical waveguide is enhanced. 

37. An optical modulator according to claim 34, charac- 
terized in that said ground side electric field adjust- 
ing main-region is formed by an electrically conduc- 
tive material layer and said ground side electric field 
adjusting sub-region is formed by an air gap. 

38. An optical modulator according to any one of claims 
27-37, characterized in that said substrate is formed 
by a lithium niobate LiNbO a and said optical 
waveguide is formed by effecting a thermal diffusion 
of titanium. 

39. An optical modulator according to any one of claims 
27-37, characterized in that said electric field ad- 
justing region is made of a metal selected from the 
group consisting of Ti, Cr, Ni, Cu, Au and alloys 
thereof. 

40. An optical modulator according to any one of claims 
27-37, characterized in that said electric field ad- 
justing region is made of a semiconductive material 
selected from the group consisting of Ga, In, As, Al, 
B, Ge, Si, Sn, Sb and compounds thereof. 

41 . An optical modulator according to any one of claims 
27-37, characterized in that said ground side elec- 
tric field adjusting main- and sub-regions are made 
of a metal selected from the group consisting of Ti, 
Cr, Ni, Cu, Au and alloys thereof. 

42. An optical modulator according to any one of claims 
27-37, characterized in that said ground side elec- 
tric field adjusting main- and sub-regions are made 
of a semiconductive material selected from the 
group consisting of Ga, In, As, Al, B, Ge, Si, Sn, Sb 
and compounds thereof. 
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